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When and how do infants learn color words? It is generally supposed that color words are learned late and   
with a great deal of difﬁculty. By examining infant language surveys in British English and 11 other  lan-  
guages, this study shows that color word learning occurs earlier than has been previously suggested and that 
the order of acquisition of color words is similar in related languages. This study also demonstrates that fre- 
quency and syllabic complexity can be used to predict variability in infant color word learning across lan- 
guages. In light of recent evidence indicating that color categories have universal biological foundations, these 
ﬁndings suggest that infants’ experience and linguistic exposure drive their shift to culturally and linguisti-  
cally mediated adult-like understandings of color words. 
 
 
 
The domain of color perception and categorization 
has played a central role in furthering our under- 
standing of the impact of language on cognition,  
and of cognition on language for over 60 years 
(Berlin & Kay, 1969; Brown & Lenneberg, 1954; 
Cohen, Chaput, & Cashon, 2002; Heider, 1972; 
Roberson, Davidoff, Davies, & Shapiro, 2005; 
Roberson, Davies, & Davidoff, 2000). In normal dis- 
course, adult speakers treat colors categorically by 
grouping them into blocks linguistically, despite 
their continuous nature. With mounting evidence of 
emergent color categories in infants (e.g., Franklin, 
Drivonikou, Bevis, et al., 2008; Skelton, Catchpole, 
Abbott, Bosten, & Franklin, 2017) that may adapt as 
color terms are learned (Franklin, Drivonikou, Clif- 
ford, et al., 2008), it appears color categories have a 
strong biological component. However, questions 
still arise as to their formation. What brings about 
the change from infant biological color categories to 
adult categories? What contribution remains for 
 
linguistic and cultural components in setting 
boundary conditions on the learning process? Does 
developing from a universal color category imply a 
universal order in the learning of color categories? 
Explanations of the formation of color categories 
have been the source of much debate. On the one 
hand, evidence from cross-linguistic differences in 
the perception of color have shown how categorical 
perception (CP) can differ by language group 
(Roberson, Hanley, & Pak, 2009; Roberson, Pak, & 
Hanley, 2008), giving weight to the idea that color 
categories are formed culturally (Roberson et al., 
2000). On the other, analyses of World Color Sur- 
vey data (Kay, Berlin, Mafﬁ, Merriﬁeld, & Cook, 
2011) have shown universal similarities in color 
naming across different languages (Abbott,  
Grifﬁths, & Regier, 2016; Kay, 2003; Regier, Kay, & 
Cook, 2005; Regier, Kay, & Khetarpal, 2007). 
Evidence from infant experiments have provided 
a fresh perspective on this debate. Infants have 
   been found to possess CP of color in the right hemi- 
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sphere (Franklin, Drivonikou, Bevis, et al., 2008), as 
opposed to the left hemisphere in adults (Gilbert, 
Regier, Kay, & Ivry, 2006). Similar results were 
found comparing toddlers who had not learned  
color terms, and therefore behaved like infants,  
with those who had, thus behaving like adults 
(Franklin, Drivonikou, Clifford, et al., 2008). 
Recently, strong evidence has been reported for 
biological, prelinguistic color categories in a nov- 
elty-preference task, suggesting the presence of 
infant color categories (Skelton et al., 2017). Skelton 
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et al. found that when the results were plotted in a 
color space representative of the retinogeniculate 
pathways that makeup color vision, most of the cat- 
egorical distinctions made by infants were sepa- 
rated by the axes in that color space. The results of 
that study therefore suggested that there is a strong 
association between the cardinal mechanisms of 
color vision and the way in which infants catego- 
rize colors. The infant color categories were found  
to be similar to the category centroids of nonindus- 
trialized languages, suggesting some commonality 
with adult color categories. However, there is great 
diversity in how the color spectrum  is  divided 
across languages, suggesting that at some point, 
language and culture intervene and change the way 
color is categorized from the original, biological 
infant categories, to make it more relevant to the 
language and culture in question. The diversity 
between languages in the number of color words 
used may also lead to variability in the timing of 
acquisition of these terms. 
The fact that there is a necessary transition from 
infant color categories to adult color categories (Skel- 
ton et al., 2017) may also provide further insights 
into why color word learning is perceived to be difﬁ- 
cult (Franklin, 2006; Johnson & Huettig, 2011; Mer- 
vis, Bertrand, & Pani, 1995; Pitchford & Mullen, 
2003; Soja, 1994; Wagner, Dobkins, & Barner, 2013). 
Researchers have argued that infants learn color 
words relatively late compared to other classes of 
words (Heider, 1971; Shatz, Behrend, Gelman, & 
Ebeling, 1996; Soja, 1994) and that early color word 
usage is riddled with haphazard, random usage 
(Pitchford & Mullen, 2003; Sandhofer & Smith, 
1999). Explanations have focused on the need to 
learn to categorize the continuous spectrum of color 
(Kowalski & Zimiles, 2006) or the dominance of 
shape over color as a salient dimension (Sandhofer 
& Smith, 1999). Despite this speculation, the 
reported age of acquisition of color terms seems to 
have dropped dramatically in recent decades (Frank- 
lin, 2006; Shatz et al., 1996). That color word learn- 
ing really is difﬁcult is thus worthy of reassessment. 
The vast majority of studies completed to date 
were behavioral assessments of color word knowl- 
edge. Many of the previous enquiries into toddler 
color word learning relied on color matching tasks, 
where participants were either asked to ﬁnd an 
object matching a given color label or asked to 
match two objects by color (e.g., Sandhofer  & 
Smith, 1999; Shatz et al., 1996; Soja, 1994). For tod- 
dlers as young as 2–3 years of age, this requires 
concentration and cooperation beyond simply com- 
prehending color categories and color terms, and 
also requires them to feel comfortable in the experi- 
mental setting. The ﬁndings of these  enquiries 
found that toddlers could comprehend basic color 
terms usually by around 30 months of age, or 
slightly younger. Other past studies have examined 
toddlers’ ability to produce basic color terms (e.g., 
Pitchford & Mullen, 2002, 2003), ﬁnding that their 
ability to produce some color terms was in place at 
2–3 years of  age  but  still  improving  up  until  4–  
5 years. Producing terms in front of an experi- 
menter could also be daunting for a toddler, giving 
these tasks an additional degree of difﬁculty. Thus 
assessments made by caregivers, with whom the 
toddlers are most comfortable, may be a compara- 
tively sensitive measurement, reﬂected by the fact 
that diary studies have found color word compre- 
hension as early as just over 2 years of age (Mervis  
et al., 1995). 
The claim that color categories have a biological 
root in infancy (Skelton et al., 2017), as well as the 
claim that color categories in adults possess a com- 
mon root in infant color categories might suggest a 
universal order of color term learning based on this 
biological root (see Bornstein, 1985; O’Hanlon & 
Roberson, 2006; Pitchford & Mullen, 2002). 
Although Berlin and Kay (1969) found a general 
order in which color words were developed by lan- 
guages, no substantive evidence has been found to 
suggest that this might be mirrored in the way that 
infants learn color categories. Evidence for a sys- 
tematic, universal order of color word learning has 
been equivocal (e.g., Andrick & Tager-Flusberg, 
1986; Pitchford & Mullen, 2002; Shatz et al., 1996), 
suggesting that there have been some trends 
observed but no overarching pattern. Most of these 
studies did not consider a wide range of languages, 
thus also limiting the ability to test whether there 
are emergent patterns in color word learning. 
In light of these ﬁndings, this study  explores 
some linguistic and cultural determinants for learn- 
ing early color words and color categories in differ- 
ent languages, and analyses the developmental 
proﬁle in color word learning in order to examine 
the presence or absence of a universal order  of  
color word learning. To address these issues, data 
were employed from existing parental surveys of 
children’s word learning, also known as Commu- 
nicative Development  Inventories  (CDIs;  Fenson  
et al., 1994). CDIs are generally considered valid  
and reliable indicators of infant word learning 
(Bates, Bretherton, & Snyder, 1988; Dale, 1991; Dale, 
Bates, Reznick, & Morisset, 1989; Fenson et al., 
1994; Mills, Coffey-Corina, & Neville, 1993, 1997; 
Styles & Plunkett, 2009). CDIs have the advantage 
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of being able to measure infant vocabulary on a  
large scale, with parents often asked to assess one  
or both of comprehension and production for each 
word. There has been considerable debate  about  
the reliability of this measurement, however, partic- 
ularly when measuring comprehension, especially 
for terms as abstract as color words (Houston-Price, 
Mather, & Sakkalou, 2007; Tomasello & Mervis, 
1994). Studies have consistently found that CDIs 
measure word learning quite consistently when 
compared with normative developmental scales 
(Dale, 1991; Dale et al., 1989), and have been con- 
ﬁrmed with measurement from ERPs (Mills et al., 
1993, 1997). More recently, CDI validity of compre- 
hension was tested against behavioral measurement 
(Styles & Plunkett, 2009), ﬁnding that parents are 
quite conservative in their determinations of 
whether the infant comprehends a term and that 
comprehension, as measured by parental report, is 
quite an accurate measurement. 
In Study 1, we investigate toddler’s comprehen- 
sion and production of basic color words in British 
English. If indeed color word comprehension learn- 
ing occurs as late as over 2 years of age, as previous 
studies have suggested, we would expect to  ﬁnd  
that many of the participants will not have compre- 
hended the color terms by 2;6. Study 2 extends this 
exploration to 11 other languages but for produc- 
tion only. Study 2 allows us to test whether color 
words are learned following a universal order from 
their biological roots. If so, the overall order in 
which color words are learned should show little 
variability across languages. Finally, Study 3 exami- 
nes the impact of color word frequency and syllabic 
complexity of the different color word forms across 
these languages, in attempt to identify potential 
sources of variation. Similar to the goals of Study 2, 
if color words are learned purely based on their bio- 
logical foundations, then frequency and complexity 
would not be expected to be strong predictors; 
alternatively if cultural and linguistic factors shape 
color word learning, then frequency and complexity 
should be important factors. 
 
Study 1 
 
Method 
Participants 
2,962 8- to 30-month-old participant’s details 
were ﬁlled out by parents, either on paper or online 
before a visit to testing facilities either at the Ply- 
mouth Babylab or the Oxford BabyLab. Participant 
information that was lacking in either age or gender 
information was not included in the analysis. The 
majority of infants visited the laboratories only  
once, making these analyses cross-sectional rather 
than longitudinal in character. A small number of 
participants visited more than  once, giving a total  
of 3,413 completed CDIs (1,653 female). 
 
Materials 
In Study 1, previously collected data from the 
Oxford CDI (Hamilton, Plunkett, & Schafer, 2000) 
were used to examine color word comprehension 
and production. The Oxford CDI is a British adap- 
tation of the MacArthur-Bates CDIs (MB-CDIs; Fen- 
son et al., 1994, 2007), measuring comprehension 
and production in 416 terms, and used from the 
earliest stages of word learning,  up  until  around  
30 months of age. The Oxford CDI contains four 
color terms: red, blue, green, and yellow. 
 
Analysis 
In this, and the following analyses, parental 
report data are modeled with Bayesian binomial 
models. The objective of this analysis is to ﬁt a curve 
to data that is binomially distributed (yes/no data), 
and in doing so be able to calculate a developmental 
trajectory (for general frequentist examples of mod- 
eling, see Mirman, 2014, for some Bayes-speciﬁc 
examples,  see  Bu€rkner,  2017b).  In  addition  to  being 
able to view these trajectories, the population-level 
coefﬁcients of the model provide information as to 
the effects that shape the model. In the approach 
used here, it can be considered strong evidence for a 
coefﬁcient being an important factor in the model if 
the 95% credible interval of the coefﬁcient does not 
intersect with 0 (Kruschke, 2013). This kind of 
model could be ﬁtted with either a frequentist gen- 
eralized linear model, or a Bayesian model. The 
choice of Bayesian analysis was made in order to 
make inference-based analysis on the model output 
while simultaneously avoiding shortcomings associ- 
ated with some frequentist models (Cumming,  
2014). In addition, the Bayesian method allows for 
greater ﬂexibility in modeling, and the ability to ﬁt 
complex models that maximum likelihood methods 
can fail to capture (Bu€rkner, 2017b). 
The four color terms were isolated for each par- 
ticipant, and modeled with two separate Bayesian 
binomial models, each with four chains of 12,000 
iterations, of which 2,000 were a warm-up. The 
chains were thinned by 2, to allow minimal auto- 
correlation. Both models included age, gender and 
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the color word in question as  population-level 
(ﬁxed) effects, as well as an interaction between age 
and gender to allow the possibility of different  
slopes for each gender. Color and gender, both cat- 
egorical variables, were treatment coded, compar- 
ing to blue in the case of color, and to female in the 
case of gender. Age was treated for these analyses   
as a continuous, numeric variable. The data were 
modeled  using  brms  (Bu€rkner,  2017a),  running  in 
rstan (Stan Development Team, 2016), using the 
code (for the comprehension data): 
 
brmðKnownjtrialsðTrialsÞ~ Age þ Color 
colors, such that approximately 50% of infants are 
reported to comprehend, for example, blue  at  age 
21 months, but only 25% of infants  produce  it  at 
the same age. A similar difference between compre- 
hension and production exists for each of the color 
words tested. Below the results of the comprehen- 
sion data and production data are discussed sepa- 
rately, in detail. 
The results of the ﬁtted model to comprehension 
data in the Oxford CDI suggest that each of the  
color words are comprehended by around 50% of 
the infants at 21 months. Blue appears to be the ﬁrst 
of the color words comprehended, by a small mar- 
þ Gender þ Age : Gender, family 
¼  binomialð
0
logit0ÞÞ 
ð1Þ gin, whereas there is strong evidence that green is 
the last of the four color words to be compre- 
hended. These ﬁndings are supported by the results 
An identical model was run on the production 
data. Priors were largely uninformative Student’s t-
distributions with 10 df, a mean of 0,  and  deviance 
of 1 for all the population-level effects.  Both models 
were checked for proper convergence with no 
divergent steps, and a Rˆ of < 1.1, with an effective 
sample size of > 10% of the total sample size, and a 
Monte Carlo standard error of < 10% of the 
posterior standard deviation. 
 
Results 
The ﬁt of the binomial curves can be seen in 
Figure 1. Overall there is a clear difference between 
comprehension and production for each of the 
 
 
 
Figure 1. Results of two ﬁtted Bayesian models to the Oxford 
Communicative Development Inventory comprehension and pro- 
duction data. Dotted lines indicate comprehension, solid lines 
indicate production. Narrow bands around each line indicate the 
credible interval of the mean. 
of the model as seen in Table 1. The “Est.” column 
gives the estimate of the means of the posterior dis- 
tribution, whereas the two columns  under  “95%  
CI” give the upper and lower 95% Credible Interval 
around the estimate, and the “Err.” column denotes 
the standard error on the estimate. “Samples” 
denotes the number of samples gathered for each 
individual parameter. Thus there is evidence for a 
difference between blue and green, where the 95% 
credible interval does not overlap with 0. 
The results of the model also suggest a gap in 
comprehension between male and female partici- 
pants. Notably, although there appears to be a 
possible early advantage for male infants compre- 
hending color words, the interaction with age pro- 
vides strong evidence of a shallower slope in 
learning for male infants than for female infants, 
indicating an overall advantage for girls. 
The model of production of color terms in the 
Oxford CDI reveals a similar proﬁle of learning to 
produce the terms to that of the comprehension  
data (Table 2). Again, there is evidence that green is 
produced slightly later than the other colors, most 
notably blue. For production, the 95% credible 
 
Table 1 
Results of Model on Comprehension of Color Words in the Oxford 
Communicative Development Inventory 
 
 
Est. Err. 95% CI Samples 
 
 
Intercept —8.40 .19 [—8.78, —8.03] 14,753 
Age .39 .01 [0.37, 0.41] 14,760 
Green —.25 .07 [—0.38, —0.12] 16,302 
Red —.04 .07 [—0.17, 0.08] 15,952 
Yellow —.11 .06 [—0.24, 0.02] 16,173 
Male .61 .26 [0.11, 1.12] 14,082 
Age:male —.04 .01 [—0.07, —0.02] 14,145   
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Table 2 
Results of Model on Production of Color Words in the Oxford Commu- 
nicative Development Inventory 
 
 
Est. Err. 95% CI Samples 
 
 
Participants 
Study 2 
 
Method 
 
Intercept —9.28 .23 [—9.72, —8.84] 14,587 
Age .40 .01 [0.38, 0.42] 15,227 
Green —.34 .07 [—0.48, —0.20] 17,519 
Red —.17 .07 [—0.31, —0.03] 15,388 
Yellow —.18 .07 [—0.32, —0.04] 16,410 
Male —.54 .32 [—1.16, 0.07] 14,385 
Age:male .01 .01 [—0.02, 0.03] 14,326   
 
interval for the difference between blue and each of 
the remaining three color words does not intersect 
with 0. There is no strong evidence for a difference 
in either baseline or slope between the two genders 
in the case of production. 
Finally, a subset of these participants’ caregivers 
were asked to ﬁll out supplementary information to 
the Oxford CDI. This information asked caregivers 
to conﬁrm whether the child comprehended or 
comprehended and produced all 11 basic  color 
terms (red, blue, green, yellow, black, white, pink, or- 
ange, purple, brown, and gray). A total of 256 partici- 
pants completed the supplementary information. 
Table 3 shows the information by age group. 
Identical models for comprehension and produc- 
tion to the previous models were ﬁt to the data, in 
order to examine trajectories of all the 11 basic color 
words. The ﬁt of the binomial curves can be seen in 
Figure 2. Although the sample size for this data is 
limited, both models ﬁt the trends for comprehen- 
sion and production from the full Oxford CDI data, 
and show the close contiguity from the ﬁrst four 
terms (red, green, yellow, and blue). 
The supplementary data to the Oxford CDI show 
that parents report gray to be comprehended and 
produced last, and brown to be learned moderately 
late, along with black and white. Purple, pink, and or- 
ange are produced and comprehended between the 
ﬁrst four colors, and the later four. Overall the tim- 
ing for learning these color terms seems to agree 
with the overall Oxford CDI data. Model coefﬁ- 
cients can be seen in Supporting Information. 
 
Table 3 
Ages of Participants Who Completed Supplementary Oxford 
Communicative Development Inventory Data 
Age 12 16 18 19 24 26 28 30 
N 52 59 4 72 39 5 5 20 
Data from 22,642 participants were downloaded 
from the Wordbank database http://wordbank.sta 
nford.edu/ (Frank, Braginsky, Yurovsky, & March- 
man, 2017) on November 18, 2016. Data were 
downloaded for 11 languages based on two selec- 
tion criteria: First, the data needed enough partici- 
pants to make it a generalizable sample, for the 
purposes of this experiment that was 600 partici- 
pants. Second, the CDI data for that language 
needed to contain each of the six color terms being 
examined (the four in Study 1, plus black and white). 
Participants older than 2;6 were excluded from the 
analysis. Final participant numbers for each of the 
language groups can be seen in Table 4. 
 
Materials 
In each data set downloaded, participants’ guar- 
dians had ﬁlled out the MB-CDI in the ﬁrst lan- 
guage being developed by the child. Foreign 
language adaptations of the CDIs are often not  
direct translations of each of the terms, but instead 
are adapted to account for the differences in lan- 
guage. Each different language CDI set contained 
production data from participants between 1;4 and 
2;6, with the exception of Russian, German, and Ital- 
ian which began at 1;6, and Swedish, which con- 
tained data from participants at 3-month intervals 
from 1;4 to 2;4. 
In English, the terms used were red, green, yellow, 
blue, black, and white. All the languages used in this 
study had corresponding words for these terms. 
Where multiple terms exist for one of these colors, 
the most common one was used. In Cantonese, the 
standard modern equivalents for these terms were 
used, whereas Mandarin was already translated into 
English, it is expected that the terms used were the 
same as used in Cantonese. In Russian, the  word  
siniy (cиний) was used for blue, as goluboy (гoлyбoй) 
was not included in the CDI. The full list of words 
used in the analysis can be viewed in Table 5. 
 
Analysis 
The data were modeled in a similar fashion  to 
that of Study 1, except that the number of iterations 
was increased to 20,000, of which 4,000 remained 
as a warm up, to allow for the larger data set. Age, 
   gender, and color were again population-level 
6 Forbes and Plunkett 
 
 
 
 
Figure 2. Comprehension and production data from a subset of Oxford  Communicative  Development Inventory  participants,  ﬁtted  
with binomial curves. The trends for some color terms (e.g., production of orange), directly overlap with other terms. 95% CI are not 
displayed here. 
 
 
 
effects, also including an interaction between age 
and color. Age and color were both nested within  
the group-level effect of language. 
Priors for population-level effects were as in 
Study 1, priors on group-level standard deviations 
were default half t-distributions with 3 df, while 
priors on group-level correlations were default Cho- 
brmðProducesjtrialsðTrialsÞ~ Age þ Genderþ 
Color þ Age:Color þ ðAge þ ColorjLanguageÞ; 
family ¼ binomialð
0
logit0ÞÞ 
 
Results 
 
ð2Þ 
lesky factors. The brms model code was: 
 
 
Table 4 
Numbers of Participants in Each Language of the MacArthur Bates 
Communicative Development Inventory Surveys 
 
 
 
   
Figure 3 shows  the  different trends in producing 
color words, dependent on the language being 
learned. The model again  converged  with  Rˆ = 1 
and no divergent transitions. The model coefﬁcients 
(Table 6) show very strong evidence for an effect of 
age, as well as strong evidence for an effect of gen- 
 
 
 
 
 
 
before black and white in many of the languages 
tiguity with the four chromatic color words, and 
Language N 
der, with male participants being generally behind 
female participants. 
Cantonese 987 With the exception of white, the model suggests 
Danish 2,863 there is convincing evidence for the other colors to 
English (US) 5,450 be produced ahead of black, with the 95% CI on the 
French (Quebec) 827 difference between them and black not including 0. 
German 1,183 This is consistent with the graphs depicted in Fig- 
Italian 
Mandarin 
639 
1,056 
ure 3, where the four primary colors are produced 
Norwegian 6,931 examined. Overall, the general trend is a close con- 
Russian 712  
Spanish 1,094  
Swedish 900 then   again   a   close   contiguity   between   the  two achromatic words. In many cases red or blue are the 
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Table 5 
Words Used in Each Language Based on MacArthur Bates Communicative Development Inventories (CDIs) 
 
Language    Terms  
English red green yellow 
 
blue black white 
Cantonese 紅 綠 黃  藍 黑 白 
Danish rød grøn gul  bl˚a sort hvid 
French rouge vert jaune  bleu noir blanc 
German rot gru€n gelb  blau schwarz weiß 
Italian rosso verde giallo  blu nero bianco 
Mandarina red green yellow  blue black white 
Norwegian rød grønn gul  bl˚a svart hvit 
Russian кpacный зeлeный жeлтый  cиний чepный бeлый 
Spanish rojo verde amarillo  azul negro blanco 
Swedish ro€d gro€n gul  bl˚a svart vit 
aMandarin CDI data were made available in English. 
 
 
ﬁrst terms learned, consistently above yellow and 
green. 
In the ﬁve Germanic languages examined (Eng- 
lish, German, Danish, Norwegian, and Swedish), 
there is a close contiguity in the production of the 
four primary colors, with green possibly the last of 
those four colors, except in the case of German. In 
these languages, each of the color terms has been 
produced by at least 75% of infants at 30 months. 
Figure 3 shows that the time-course of color word 
production in Romance (French, Italian, and Span- 
ish) languages is not as uniform as it is in the Ger- 
manic languages. In French, color word learning 
happens relatively early, with all six color terms 
known by around 75% of infants by 30 months. In 
Italian, color word learning is slightly later than it is 
in French, whereas in Spanish, color word learning 
happens much later, with each color word only pro- 
duced  by  around  50%  of  participants  tested  at  
30 months. The most notable feature of the Romance 
languages examined here is that although black and 
white tend to follow behind the four primary colors, 
as with the Germanic languages, they do not do so 
by as large a margin as in the Germanic languages. 
Black is consistently the last word produced in these 
three languages, albeit by a small margin. The other 
consistent aspect in the Romance languages is that 
green tends to be produced after the other three pri- 
mary colors, closer in timing to white. 
Within the two Sinitic languages (Mandarin and 
Cantonese), there are distinct differences in the tim- 
ing and order of color words. Although a dominant 
feature of the two Chinese languages is very early 
production of the word for red, in Mandarin this is 
matched by white as one of the ﬁrst color words 
produced, which is not the case in Cantonese. In 
Cantonese, the other ﬁve color words are produced 
at essentially the same rate, whereas in Mandarin, 
blue is produced around a month later than the 
remaining three color terms. There is a large differ- 
ence in the rate of color word learning between  
these two languages as well. In Mandarin, the par- 
ents report that almost all the six color terms are 
produced and understood by almost all infants  by 
30 months of age. In contrast, in Cantonese, most 
color words are produced by about 60% of infants  
by 30 months, with the exception of red, which is 
known by around 75% of infants. 
In Russian, the overall pattern of color word 
learning is not dissimilar to that of the Romance 
languages. The majority of color words, excluding 
white, are produced by around  70%  of  infants  by 
30 months, and black is produced after the primary 
colors, although not by the amount seen in the Ger- 
manic languages. Where Russian differs greatly is 
that white is produced long after the other color 
terms,   with   a   gap   of   around    3 months.    By 
30 months of age, only around 30% of Russian 
infants are reported to produce the word white. In 
Russian, the last of the primary colors to be pro- 
duced is yellow, reﬂecting another possible differ- 
ence in ordering. 
The model presented here shows substantial dif- 
ferences in the order of color words, and in the tim- 
ing with which color  words  are  produced.  
Although this model indicates that there is not a 
universal order in color word learning, suggesting 
that there are cultural and linguistic differences, it 
does not yet answer what factors cause this differ- 
ence—the motivation for the third study. 
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Figure 3. MacArthur-Bates Communicative Development Inventory production data modeled with a binomial Bayesian model, sepa- 
rated by language. Bands around each line indicate conﬁdence in the mean. 
 
 
 
Materials 
Study 3 
 
Method 
2, whereas the second is data on the frequency of 
occurrence of words. Frequency data were obtained 
by downloading CHILDES (MacWhinney, 2000) 
CHAT transcripts from  http://childes.talkbank. 
org/ on December 19, 2016 and examining the fre- 
For Study 3, two sets of data are included. The 
ﬁrst is the same set of MB-CDI data used in Study 
quency of color word appearance in each of the lan- 
guages tested. Frequencies were then tallied up for 
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each color term and divided by the total number of 
words to yield a proportion (see Figure 4). In line 
with Goodman, Dale, and Li (2008), frequency of 
input was approximated by counting the frequency 
of appearance of each color word in each  language 
in CHILDES when spoken by the mother. Fre- 
quency varies substantially between languages and 
colors. 
It has previously been shown that frequency, cat- 
egory size (i.e., how many shades are encompassed 
by the single term) and perceptual salience (i.e., the 
Euclidean distance from gray at the center of the 
space) can predict precise color word learning in a 
behavioral task (Yurovsky, Wagner, Barner, &  
Frank, 2015). In this study, only frequency is used 
 
Table 6 
Main Population-Level Effects on Fitted Model of MacArthur Bates 
Communicative Development Inventory Data in 11 Languages 
 
 
Est. Err. 95% CI Sample 
 
 
Intercept —8.84 .47 [—9.76, —7.91] 21,363 
Age .34 .02 [0.3, 0.38] 21,851 
Male —.4 .01 [—0.43, —0.37] 24,205 
Blue .98 .24 [0.5, 1.45] 25,532 
Green .48 .21 [0.07, 0.89] 26,713 
Red .83 .2 [0.44, 1.22] 27,062 
White —.11 .26 [—0.62, 0.41] 27,915 
Yellow .88 .21 [0.47, 1.3] 26,174 
 
 
Note. Colors are as compared to black. Interaction terms and 
group-level terms are not included. 
as a predictor, of those three possible options. 
Although it is extremely likely that category  size  
and perceptual salience are useful predictors, data 
on this for all the languages included in this study 
are not currently available. 
In each language, only transcripts in which the 
infants were 3 years or younger  were  used  and  
only occurrences in which the meaning of the color 
term could be understood by native speakers to  
refer to the term, and not idiomatic expressions 
were accepted. For many of the European lan- 
guages, care was taken to ensure that color terms in 
each separate gender were included. Compound 
words, where the noun is made up of a color word 
and another word (e.g., blueberry), were not  
included in the count, particularly in the case of the 
Sinitic languages, where the compound word may 
not require an understanding of the meaning of the 
color words involved. As an example the term ho´ng 
lǜ  de¯ng  (lit.  red  green  light,  meaning  trafﬁc  light) 
was not included as one could understand the 
meaning of the term without necessarily under- 
standing the words referring to red and green. 
In two cases, because the color term was a homo- 
nym with another commonly used term, or tran- 
scribed the same way (German white and know), the 
frequency had to be predicted. In the German case, 
the frequency of Weiß was calculated by working out 
the ratio of masculine to feminine endings of each of 
the color terms, and multiplying the average of that 
by the amount of times the feminine Weiße was used. 
 
 
 
 
 
Figure 4. Input frequency of occurrence of color words for infants up to 3 years of age, by language. 
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In both Mandarin and Cantonese, care was taken to 
ensure that appearances transcribed in both pinyin 
and characters were included. 
 
Analysis 
In this study, Bayesian models were constructed 
in a similar fashion to the  previous  studies,  with 
the same priors. In contrast to Study 2, the cate- 
gorical variable of color was replaced with the 
numeric variable of frequency, which was multi- 
plied by one thousand to appear on the same scale 
as the other variables. An additional variable of 
syllabic complexity was also added, which was 
calculated as the number of syllables of each color 
term. Because frequency is nested within language, 
each language will be affected differently by the 
coefﬁcient of frequency, which allows for greater 
ﬂexibility in ﬁtting the model, but also means the 
model ﬁt is less affected by the discrepancy in the 
overall frequency numbers in each language. The 
model used the log of the frequency, due to evi- 
dence that frequency of input should be log trans- 
formed  (Anderson  &  Schooler,  1991;   Yurovsky   
et al., 2015). 
Three models were run, each with the same spec- 
iﬁcations as in Study 2, except for increased itera- 
tions to 24,000 and warm-up of 8,000 iterations, in 
order to allow for the more complex  structure  of 
the model. Running three separate models allowed 
the assessment of the addition of each term into the 
ﬁrst, base model. The model codes used were as 
below: 
information criteria (LOOIC). The ﬁrst model ana- 
lyzed color word production using only age and 
gender as population-level effects, with a group- 
level effect of age varying by language (LOOIC = 
12,808.44, SE = 264.22). In this ﬁrst, base model, 
there was strong evidence for an effect of age (95% 
CI [0.29, 0.36]) and for an advantage to female par- 
ticipants (95% CI [ 0.41, 0.36]). 
The second model added frequency of the 
appearance of each color word in each language in 
the CHILDES database as a predictor. Using fre- 
quency, age and gender to model the MB-CDI color 
word data resulted in a dramatic improvement over 
the basic model containing only predictors of age 
and gender (LOOIC difference = 1,871.41,  LOOIC  
SE of difference = 157.37). There was strong evi- 
dence that frequency (95% CI [0.30, 0.76]), age (95% 
CI [0.29, 0.37]), and the gender difference (95% CI   
[ 0.42,  0.37])  all  predicted  word  learning,  with 
the 95% credible interval not intersecting 0 for any 
of those predictors. 
In the ﬁnal model, color words in each language 
were assessed on the number of syllables each pos- 
sessed, and added as a population-level effect into 
the previous model. Syllabic complexity was again 
found to be a potential but weak factor in predict- 
ing color word learning (95% CI [ 0.11, 0.00]), 
whereas frequency, age, and gender continued to 
have strong predictive power (Table 7). This ﬁnal 
model proved to be arguably a slightly better  ﬁt  
than the frequency-only  model  (LOOIC  differ-  
ence = 1.06, SE difference = 5.17). The ﬁnal model 
was successful at capturing much of the variance of 
color word learning in different languages but was 
brmðProducesjtrialsðTrialsÞ~ Age þ Gender 
þ ðAgejLanguageÞ; family ¼ binomialð
0
logit0ÞÞ 
brm(ProducesjtrialsðTrialsÞ~ Age 
þlogðFrequencyÞþ Gender þðAge 
þlogðFrequencyÞjLanguageÞ; family 
¼ binomialð
0
logit0ÞÞ 
brmðProducesjtrialsðTrialsÞ~ Age 
þlogðFrequencyÞþ Complexity þ Gender þ 
ð3Þ 
 
 
ð4Þ 
 
 
 
ð5Þ 
not as optimal as the original descriptive model of 
the data which used color terms as categorical vari- 
ables in Study 2 (LOOIC difference = 1,682.46, SE 
difference = 177.24). In addition, the presence of 
positive evidence for slope of frequency to differ in 
each language (95% CI [0.22, 0.64]) suggests that 
the effect that frequency has differs greatly in each 
language. 
 
Table 7 
Population-Level Effects of Final Predictive Model Using Both Fre- 
quency and Syllabic Complexity as Predictors of Color Word Learning 
ðAge þ logðFrequencyÞjLanguageÞ; family    
¼ binomialð
0
logit0ÞÞ 
 
Results 
Est. Err. 95% CI Sample 
 
 
Intercept —7.68 .39 [—8.45, —6.91] 4,747 
Age .33 .02 [0.29, 0.37] 4,251 
Male —.39 .01 [—0.42, —0.37] 22,618 
The three models in this study were analyzed 
separately, and then compared with leave-one-out 
Log(Frequency) .54 .12 [0.3, 0.77] 6,026 
Complexity —.06 .03 [—0.11, 0] 22,695  
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One of the main points of difference between the 
predicted model and the original descriptive model 
was that the learning of blue was constantly under- 
estimated in the ﬁnal predicted model. Languages 
such as English, where the data suggest a clear 
advantage to blue, are instead modeled to show blue 
coming in behind other languages. In addition the 
model predicts a closer contiguity between the color 
terms than is realized in the data. These factors sug- 
gest that as well as the obvious strong effect of fre- 
quency, there are other elements as well,  such  as 
the category size or perceptual salience of the color 
(Yurovsky et al., 2015). 
 
 
Discussion 
The present research uses measures of color word 
learning from parental reports to assess the  time 
line and trajectory of color word learning from 
around 15- to 30-months of age. Recent  research 
has substantiated the existence of a biological com- 
ponent in color category formation in infancy (Skel- 
ton et al., 2017) but raises the question: What  
causes the shift to adult color categories? This  
strong biological contribution to early color cate- 
gories also reignites discussion of a potential uni- 
versal order in which color words are learned 
(Pitchford & Mullen, 2002), analogous to that in 
which color words are proposed to emerge histori- 
cally in languages (Kay et al., 2011). 
The present research demonstrates that the order 
in which color words are produced varies greatly 
between languages. The results from Study 2 pro- 
vide strong evidence for differences in color word 
learning around the world, albeit with many simi- 
larities between groups that share a similar lan- 
guage and culture. Study 1 demonstrates that the 
onset of comprehension of color terms follows a  
very similar trajectory to that of production, even  
for color terms learned later, such as brown and  
gray. Whereas Study 2 only measures production, 
comprehension can be assumed to precede it by a 
similar margin as shown in Study 1. Finally, in  
Study 3, the results of Study 2 are successfully 
approximated by modeling using the frequency of 
input and the lexical complexity of the color term. 
Based on the evidence of Study 3, it  appears that  
the frequency with which infants hear a word, and 
the syllabic complexity of the word, are strong pre- 
dictors in the timing of color word production. This 
suggests that the timing of color word learning is 
very much a linguistic and culturally mediated 
process. 
That color word learning is not universal, despite 
the biological foundations of color categories, sug- 
gests a change in process in the understanding of 
color categories. The visual color categories evi- 
denced in prelinguistic infants (Franklin, Clifford, 
Williamson, & Davies, 2005; Skelton et al., 2017) 
must adapt with the slow comprehension of color 
words and their meaning (Franklin, Drivonikou, 
Clifford, et al., 2008). This process is not universal; 
the scope of the category for each word varies by 
language (Roberson et al., 2008), as does the timing 
of learning the word. Infants, in the learning of a 
color term, are taught by frequent exposure to the 
term, as seen in Study 3. Thus, their understanding 
shifts as they slowly grasp a full comprehension of 
the meaning of the term. This may come about ear- 
lier or later, depending on how often they are 
exposed to the term. Wagner et al. (2013) found that 
when infants ﬁrst comprehend a color word, they 
comprehend the category center but overextend it to 
include other colors. As the infant comprehends 
more terms, the additional category centroids force 
the infant to update their understanding of the origi- 
nal color category, shrinking the category boundary 
with the addition of more terms. Thus a partial com- 
prehension of the color word precedes production, 
but is slow to mature. The comprehension data pre- 
sented here, showing that color words are learned 
differently due to different cultural and linguistic 
settings, capture the earliest part of that process— 
the basic comprehension of the focal color term. 
This study points to color word learning in gen- 
eral occurring much earlier than  previously 
reported (Heider, 1971; Mervis et al., 1995; Pitch- 
ford & Mullen, 2002; Shatz et al., 1996; Soja, 1994). 
Although it is possible that this may be part of a 
general trend of children learning color words ear- 
lier than they used to (Franklin, 2006), there are 
two other considerations. A major consideration is 
that by asking parents to record whether their chil- 
dren can produce these terms, a larger-scale picture 
of word production that may be  more  sensitive  
than laboratory studies has been obtained, partly 
through the size of the samples used. The other 
consideration is that we may be measuring an ear- 
lier process, as it is possible that parents are able to 
report an early comprehension or production that is 
not yet consistent, or that the child cannot yet conﬁ- 
dently reproduce in front of a stranger in a labora- 
tory. The model of the Oxford CDI data (Study 1) 
demonstrates that toddlers’ efforts to understand the 
meaning of color words takes place earlier again, 
possibly during the second year of life in many lan- 
guages. This again suggests that color word 
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learning may not be as difﬁcult as previously 
thought (Andrick & Tager-Flusberg, 1986; Kowalski 
& Zimiles, 2006; Soja, 1994). Although this may, in 
part, be due to environmental factors that promote 
the usage of color words with young children, such 
as a focus on color terms by the parents or an 
increase in colored plastic toys around the home, it 
is more likely reﬂective of a difference in measure- 
ment sensitivity. Parents are very sensitive to  
infants understanding and production of speciﬁc 
words (Hidaka & Smith, 2010) and have the oppor- 
tunity to see them comprehend and produce words 
in a variety of contexts. In contrast, an early com- 
prehension of color words is much harder to assess, 
unless explicitly tested, and the contexts in which 
they are used are far more limited, so the earliest 
point of comprehension of color terms is much  
more difﬁcult to ascertain (Ramscar, Thorpe, & 
Denny, 2007). It is likely that the patterns of color 
word learning are analogous to those of other  
classes of words, where infants have a basic com- 
prehension, which is then reﬁned slowly over time 
after they start producing the word. The toddler’s 
comprehension of the boundary separating color 
terms is slowly reﬁned as they are exposed to more 
colors and color terms, in the same way as they  
learn to distinguish between two similar categories 
(Wagner et al., 2013). It may simply be that fre- 
quency affects learning of color words in the same 
manner as other classes of words. 
In Study 1, the gap between comprehension and 
production is shown to be quite small and can be 
assumed to be similar for Study 2. This does, how- 
ever, raise the question of measuring comprehension 
using parental report. Parental reports of production 
data are likely to be largely accurate. Asking parents 
to assess comprehension of a word, however, has 
been criticized (Houston-Price et al., 2007; Tomasello 
& Mervis, 1994) as an accurate method, although 
other ﬁndings have shown that CDI comprehension 
measures are useful estimates, at least in the case of 
concrete nouns (Bates et al., 1988; Mills et al., 1993, 
1997). The short gap between comprehension and 
production was shown again for all 11 colors in the 
subset of participants who completed the additional 
color word survey. Further suggestions that, if any- 
thing, comprehension estimates in CDI studies are 
an underestimation (Styles & Plunkett, 2009), suggest 
that the short gap between comprehension and pro- 
duction indicates the possibility of earlier compre- 
hension than reported here. 
Although there is great variety in the timing and 
order of color word acquisition, as demonstrated in 
Study 2, there are also overall trends. In general, 
the data from Study 2 indicate that blue, red, and 
yellow are learned before green, which is learned 
before black and white. This may reﬂect the basic 
biological underpinnings of color categories (e.g., 
Skelton et al., 2017), particularly if the order  of  
color category learning is underpinned by factors 
such as perceptual salience (Yurovsky et al., 2015). 
Additionally, it is possible that these overall trends 
reﬂect the fact that the majority of languages cho- 
sen for this study are European languages, and a 
wider selection of languages may show a slightly 
different pattern. In Mandarin, for example, white is 
one of the ﬁrst color words produced, unlike any of 
the European languages in this study. 
In Study 3 it is demonstrated that much of the 
variance in the difference in timing of the acquisition 
of color words occurs due to input frequency and 
syllabic complexity. The variance in input frequency 
(Figure 3) is incredibly large, a factor that may be 
cultural, or a peculiarity of the data. The prevalence 
of red in the Sinitic languages, for example, is likely 
to be cultural, given the associations between that 
color and luck, and fortune. Although this is likely 
true in many cases, the recordings of child–parent 
interactions that make up CHILDES are limited and 
could be biased by, in some instances, an infant 
playing with a toy of a particular color, or a color- 
based game. The variation that can be seen in the 
frequency of input data from CHILDES attests to 
this. Italian showed a much higher frequency for 
most colors than the other languages, suggesting a 
possible activity bias in one or more of the data sets. 
Frequency of input is a powerful predictor for color 
word learning but does not account for all the vari- 
ance. Syllabic complexity appears to account for 
some further variance, suggesting that the length of 
a word may make it harder for infants to learn. One 
possibility is that other predictors, such as the visual 
salience of the color and the size of the color word 
category could account for some of the remaining 
variance (Yurovsky et al., 2015). In this sense, it is 
likely that the absence or present of additional color 
terms (such as the additional term for blue in 
Russian) may play an important role in the timing of 
color word learning, as they change the category  
size for each of the surrounding colors. 
This study addresses the start of the color word 
learning process in infants. However, this study is 
limited by the materials that are available to exam- 
ine this phenomenon. The 11 languages selected for 
use in this study do not necessarily give a complete 
picture of color word learning around the world, as 
materials are not available for some widely spoken 
languages, such as Arabic. Additionally, the lack of 
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data available on the perceptual salience and cate- 
gory size of each color word in all the languages 
prevent us from obtaining the complete picture sug- 
gested by Yurovsky et al. (2015). Finally, Study 3 
relies on rough measurements of frequency, adding 
considerable noise to the data. That such a mea- 
surement of frequency of input still strongly pre- 
dicts timing of acquisition demonstrates  the 
strength of this effect. 
It should be stressed that what is being mea- 
sured here is not necessarily an adult-like under- 
standing of color words by young toddlers but  
rather the beginning of a slow process of establish- 
ing the contents of a color word category. Although 
they may still be prone to errors in applying those 
terms correctly (Pitchford & Mullen, 2003), they 
may have understood that the color term refers at 
least to the focal area of that color word category. 
Infants clearly begin to understand color words 
much earlier than ﬁrst thought, and they  do  so  
with great variety, depending on both the individ- 
ual and the language which they speak. 
 
Conclusion 
This study provides strong evidence for cultural 
and linguistic variation in the formation of color 
categories, through analysis of parental surveys of 
British English children, and matched by parental 
surveys from around the world. Color word learn- 
ing follows no universal pattern or timeline but 
instead varies with differing languages and cul- 
tures. In this sense, and in the sense that a partial 
comprehension seems to precede production 
(Wagner et al., 2013), color words seem to be 
learned in much the same way as any other class of 
word. The results also suggest that color word learn- 
ing may occur much earlier than previously seen, 
thus suggesting that perhaps color word learning is 
not as uniquely difﬁcult as had previously been 
assumed (Franklin, 2006; Soja, 1994). Color word 
learning in this study was measured with parental 
report, and further behavioral investigations into 
color word production and comprehension will be 
crucial to fully understanding this topic. 
Infant color categories appear to possess a bio- 
logical, universal foundation (Skelton et al., 2017). 
However, the infant color categories change into 
adult-like understandings of the color terms, a pro- 
cess that, from the evidence presented here, is 
determined by the nature of the language  which 
they learn. Despite the universal, biological origin   
of color categories, there is still an undeniable place 
for the cultural and linguistic. 
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